Cell fusions produce multinucleate syncytia that are crucial to the structure of essential tissues in many organisms [1] [2] [3] [4] [5] . In humans the entire musculature, much of the placenta, and key cells in bones and blood are derived from cell fusion. Yet the developmental fusion of cell membranes has never been directly observed and is poorly understood. Similarity between viral fusion proteins and recently discovered cellular proteins implies that both cell-cell and virus-cell fusion may occur by a similar mechanism [6-8]. Paradoxically, however, fusion of enveloped viruses with cells involves an opening originating as a single pore [9-11], whereas electron microscopy studies of cell-cell fusion describe simultaneous breakdown of large areas of membrane [12,13]. Here, we have shown that developmental cell fusion is indeed consistent with initiation by a viruslike, pore-forming mechanism. We examined live cell fusions in the epithelia of Caenorhabditis elegans embryos by a new method that integrates multiphoton, confocal, and electron microscopy. The fusion aperture always originated at a single point restricted to the apical adherens junction and widened slowly as a radial wavefront. The fusing membranes dispersed by vesiculation, rather than simple unfolding of the conjoined double bilayer. Thus, in these cells fusion appears to require two specialized sequential processes: formation of a unique primary pore and expansion of the opening by radial internalization of the interacting cell membranes.
The timing of cell fusion events in the external epithelium (hypodermis) of C. elegans embryos is essentially invariant, as are the lineage, position, and geometry of participating cells, making this tissue amenable to reproducible observation of ongoing cell fusions within a live organism [4, 14] . We followed the dynamics of cell membranes via automated timelapse multiphoton laser scanning microscopy (MPLSM) [15] and four-dimensional reconstruction of live embryos labeled with the vital fluorescent membrane probe FM 4-64 [16, 17] . By 400 minutes of development, precursors of the largest hypodermal syncytium, hyp7, covered the dorsal third of the embryo, aligning circumferentially such that approximately 50 to 60 µm 2 of each cell's lateral membrane was in contact with another flanking hyp7 progenitor (Figure 1a,b) . The syncytium was formed by the disappearance of these lateral membranes in a sequence of cell fusions that agreed well with previous reports tracing the loss of apical adherens junctions in fixed embryos [14] .
In optical cross-sections, the vanishing of membranes between two fusing cells always progressed in an apicalto-basal direction (Figure 1c ). Through time-animated volume (stereo-four-dimensional) reconstruction [17] , fusion was seen to originate at a site at the apical edge of the fusing border and to propagate both basally and along the length of the membrane, producing a single widening semi-elliptical aperture which first reached the basal edge of the lateral membranes and then progressed to the circumferential margins of the cells (Figure 1d ). The rate of radial increase of the opening was 0.40 ± 0.33 µm per minute, measured in a total of 275 time increments in optical sections from 17 different fusion events in 9 recorded embryos. Elimination of the entire area of membrane interface between two neighboring cells required up to 30 minutes for completion. Comparison of several recorded fusion events indicated that the location of the site of origin was apparently not confined to any particular region along the length of the cell border but was always restricted to the cell apex.
To define the position of the site of origin more precisely in individual cell fusion events, live dual-channel confocal laser scanning microscopy (CLSM) was used to compare the dynamics of both FM 4-64-labeled cell membranes and a fusion protein combining the apical MH27 protein with green fluorescent protein (MH27-GFP). The distribution of MH27 protein defines the apical zonulae adherens of all epithelial cells in C. elegans [18] , and has been employed to document the developmental timing of hypodermal cell fusions [14, 19] . Optical cross-sections clearly showed that MH27-GFP, which was initially found at the apical edge of the prefusion cell border, localized at the receding edge of fusing cell membranes, such that the junctional protein was separated from the apical membrane of the syncytium by the widening fusion aperture (Figure 2a) . Thus, once the fusing lateral membranes had sunk to the full depth of the cells, MH27-GFP was actually basally localized. Dissolution of the MH27 signal between cells occurred only after membrane fusion and displacement of the junction, usually within 5 to 10 minutes. Stereo-four-dimensional reconstruction revealed that the movement of the junctional marker, like the fusion of the membranes themselves, started at a single site and propagated as a wave along the length of the fusing cells ( Figure 2b ). We conclude that the initiation site for cell fusion resides either within the junction itself or immediately apical to the adherens junction.
To address the means by which the membranes between fusing cells withdraw, we recorded embryos by MPLSM and then immediately fixed them for transmission electron microscopy (TEM). Cell fusions whose early stages were recorded live were thus caught in an intermediate state for ultrastructural examination ( Figure 3 ). In serial TEM sections, the directional spreading of the fusion aperture was again apparent. At the receding edge of the fusing lateral border, a continuous coplanar fringe of irregularly sized In summary, fusion commences at a single point within a slim apical subregion of the cell-cell interface, and slowly opens by a process involving vesiculation of the double bilayer and migration of junctional components to the basal surface of the resulting syncytium ( Figure 4) . A focal origin is consistent with the notion of a virus-like pore. Yet expansion of the opening occurs not merely by unfolding and flow of the contiguous apposed bilayers -the topologically and energetically simplest approach -but also by internalization of the plasma membranes, perhaps to accommodate the reduced surface:volume ratio requirements of the syncytium. Thus, fusion entails specific localization of a vesiculating activity to the rim of the growing hole in the membranes. Association of junctional proteins with the retreating edge of the septal border between fusing cells suggests that the vesiculating activity may associate with the junctional complex throughout the fusion process. Such a complex might resemble or share components with those involved in other forms of endocytosis or acting on similar tightly bent double-bilayers within intracellular organelles [20, 21] .
These experiments are the first to detail the course of a developmental cell fusion event through direct observation of the fusing cell membranes, and our results should have relevance for other instances of developmental syncytiogenesis. Several other fusing cell types develop stable or transient intercellular junctions before fusion occurs and may use these junctions to organize the fusion mechanism [2, 13] . Recently, diverse genes from several organisms have been reported to have roles in cell fusion [6, 7, 13, [22] [23] [24] [25] [26] . Understanding the timing and structure of the cellular intermediates in this carefully orchestrated process should point the way to specific functions for the molecules involved.
Materials and methods

Live fluorescence microscopy
MPLSM was used for most recordings to maximize spatio-temporal resolution and embryo viability while minimizing photobleaching, and was performed using a femtosecond-pulsed 1047 nm Nd:YLF laser on a microscope previously described [27] . Cell membranes fluoresced in the presence of 10 µg/ml FM 4-64 (Molecular Probes). CLSM was performed on a Bio-Rad MRC600 to take advantage of dual-channel imaging capabilities not currently available on this MPLSM system. Laser-permeabilized embryo culture, automated image collection, four-dimensional animation, and stereo-four-dimensional reconstruction were performed as previously described using adaptations of published techniques [16, 17] .
Construction of MH27-GFP
A bright mutant of GFP (S65A, V68L, S72A) [28] was fused to the predicted carboxyl terminus of MH27 by ligation with a genomic fragment Brief Communication 1089
Figure 3
Vesiculation of membranes at the leading edge of the fusion aperture. containing the MH27 gene, and the transgene construct was stably integrated into the genome of wild-type worms to create the strain jcIs1 (J.S.S. and J.D.H., unpublished). Transgenic worms were phenotypically normal, and the temporal expression and localization of the fluorescent protein faithfully recapitulated those of the endogenous MH27 antigen as detected by immunofluorescence [14, 18, 19] .
Correlative electron microscopy
Live-imaged embryos attached to a poly-L-lysine coated coverslip were fixed by room temperature incubation of the coverslip for 45 min in 1% OsO 4 , 0.8% K 3 Fe(CN) 6 , 0.1 M cacodylate buffer, pH 6.0, followed by rinsing in 0.05 M cacodylate buffer, pH 7.0, and incubation for 15 min in 0.2% tannic acid, 0.05 M cacodylate buffer, pH 7.0. This osmiumbased fixation protocol was used specifically to avoid membrane artifacts which commonly result from aldehyde fixation [29, 30] . Fixed embryos were dehydrated through an acetone series, and embedded in Epon/Araldite while still attached to the coverslip. Glass was dissolved with hydrofluoric acid to yield a flat face for sectioning which was parallel to the plane of optical sections in the MPLSM recording.
Supplementary material
Movies of the data shown in Figures 1 and 2 are published with this paper on the internet.
